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Abstract 35 
  36 
In an unusual combined nested and paired catchment experiment in northern England, the 37 
1.5-km2 Coalburn catchment (90% mature plantation forest with a dense drainage ditch 38 
network) is paired with the 1.4-km2 Flothers catchment (64% peat grassland), both being 39 
nested within the 6.9-km2 Throssburn mixed forest and peat grassland catchment. In only the 40 
second such UK quantification, a 100% forest cover reduces annual runoff relative to a 100% 41 
grassland cover by 24%. The study provides rare field (as opposed to model) evidence 42 
showing that the impact of land use on flood peaks is moderated by catchment saturation and 43 
by extreme rainfall. Flood frequency curves differ according to land use at the smaller return 44 
periods but the data are not sufficient to confirm that the pattern extends to the highest floods. 45 
Against conventional expectation, flood peaks tend to be larger and flashier in the forest 46 
catchment, apparently the consequence of the forest ditching. Springtime monthly 47 
runoff/rainfall ratios in the peat grassland catchment may reach 100%, representing a 48 
seasonal sponge effect which is eliminated from the forest catchment through the effects of 49 
the ditches. Combination of the paired and nested catchments provides a highly unusual 50 
opportunity to show that, at the annual scale, the integrated catchment response can be 51 
obtained by combining the responses of the separate land covers according to the proportions 52 
of the catchment that they occupy, an assumption widely made but rarely, if ever, tested.  53 
 54 
Key words: Coalburn; ditch hydrology; flood peaks; forest hydrology; peat hydrology; 55 
proportional catchment response. 56 
 57 
1 Introduction 58 
 59 
Despite the advances consequent upon a half-century of research into the impact of forest 60 
cover on catchment hydrological response (e.g. Andréassian, 2004), a number of key aspects 61 
remain incompletely understood. (1) Most studies have considered the annual scale, while the 62 
event scale impact (i.e. for peak storm discharge) remains controversial. (2) Even at the 63 
annual scale, the extent to which a forest cover can alter runoff from, for example, a 64 
grassland cover is not uniformly constant, suggesting a need for further field-based 65 
quantifications. (3) The much-used method of obtaining total catchment response by 66 
combining the responses of the separate land uses according to the proportion of the 67 
catchment occupied by those uses (the hypothesis of proportional response) appears to be 68 
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based on assumption rather than field demonstration. (4) In the UK, much of the upland 69 
forest plantation has taken place on peat soils (recognized for their rather specific and unusual 70 
hydrological characteristics), with annual (water resources) and event (storm runoff) scale 71 
impacts that are only partly quantified. This study therefore reports the results of an unusual 72 
combined nested and paired catchment experiment to enhance our understanding of the 73 
hydrological impact of mature forest plantation at the annual and event scale, to quantify the 74 
effects of land use change on the hydrological response of upland peatlands and to test the 75 
hypothesis of proportional response in a mixed land-use catchment. It demonstrates in 76 
particular the long-lasting (over 40 years) impact of artificial drainage in over-riding 77 
otherwise expected aspects of catchment response. At a time of declining field hydrology, 78 
and following the call of Burt and McDonnell (2015), it also re-asserts the relevance of field-79 
derived insight for identifying and explaining hydrological processes.  80 
 81 
2 Background to Objectives 82 
 83 
The widespread plantation of coniferous forest in the upland UK has prompted extensive 84 
investigation into the resulting hydrological implications (e.g. Calder, 1990; Kirby et al., 85 
1991; Blackie, 1993; Robinson, 1998; Marshall et al., 2009; Robinson et al., 2013). In only 86 
one case, though, the paired grassland/forest catchment study at Plynlimon in central Wales, 87 
has the forest impact been unambiguously quantified, showing an 18% reduction in annual 88 
runoff for a 100% forest catchment compared with a 100% grassland catchment (Marc and 89 
Robinson, 2007). The first objective of this study is therefore to carry out only the second 90 
such quantification for the UK, for a focus site in northern England.  91 
 92 
There is an increasing interest in the potential for forests to moderate flood responses (e.g. 93 
CIFOR and FAO, 2005; Bradshaw et al., 2007; Marshall et al., 2009) but clear field evidence 94 
of this effect is scarce and the means of quantifying the impact remain controversial (see for 95 
example the discussion in Alila & Green (2014a, 2014b), Bathurst (2014) and Birkinshaw 96 
(2014).)  The emerging conclusion from so-called chronological pairing studies (in which the 97 
flood peaks from catchments with different land covers but otherwise identical properties are 98 
compared for given rainfall events) is that for small to moderate rainfall events a forested 99 
catchment can (but may not always) reduce the flood peak compared with an unforested 100 
catchment; above a certain magnitude of rainfall event, there is little difference in the peak 101 
discharges of the two catchments (e.g. Bathurst et al., 2011a, 2011b; Bathurst, 2014; Fahey 102 
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and Payne, 2017). However, Stratford et al. (2017) note that the strongest support for the 103 
mitigation effect comes from modelling studies and that the results of field studies are more 104 
conflicted. The number of field studies is also very limited. There is a similar reliance on 105 
models to demonstrate the dependency of the mitigating effect on a lower antecedent soil 106 
moisture in the forested catchment (so that fully saturated forested and unforested catchments 107 
may generate similar peak discharges for low as well as large rainfall events (e.g. Bathurst et 108 
al., 2011b)). Alila and associates, though, have asserted that a frequency pairing approach 109 
(based on flood frequency curves) provides the more correct and representative comparison 110 
(Alila et al., 2009; Green and Alila, 2012; Kuraś et al., 2012). By considering the flood peaks 111 
in relation to each other (rather than in isolation, as in chronological pairing), frequency 112 
pairing automatically accounts for the effect of varying soil moisture. Their studies (for a 113 
catchment with a snowmelt regime) show an increase in the frequency of a given flood 114 
magnitude following removal of forest cover, for all levels of event. Data from Fahey and 115 
Payne (2017) appear to show a similar effect for paired catchments with a rainfall regime. 116 
Objective 2 is therefore to carry out a much-needed field-based assessment of the 117 
chronological and frequency pairing approaches, incorporating (possibly for the first time) a 118 
demonstration of catchment saturation effects. 119 
  120 
Much of the UK uplands consists of peatlands, which have been extensively afforested over 121 
the last 100 years. Recent advances in the understanding of peatland hydrology therefore 122 
provide a new context for investigating the impacts of these plantations. At one time, as noted 123 
by Holden and Burt (2003a), peat was thought to act like a sponge, absorbing rainfall and 124 
then releasing it as a well-regulated streamflow. However, experimental studies have shown 125 
that the response to rainfall in upland blanket peat catchments in the north of England is 126 
largely in the form of saturation-excess overland flow generated at the surface and in the 127 
near-surface layer (the acrotelm). The deeper layers (the catotelm) have a low hydraulic 128 
conductivity and remain permanently saturated. Runoff production is therefore flashy with 129 
large flood peaks and low baseflow (e.g. Holden and Burt, 2002, 2003a, 2003b), the opposite 130 
of the sponge hypothesis. Objective 3 is therefore to quantify the extent to which forest 131 
plantation (and its associated ditching) disrupts this characteristic peatland response. It will 132 
be shown that the sponge hypothesis remains relevant at the seasonal level. 133 
 134 
It is widely assumed that the total runoff for a catchment of mixed land use can be calculated 135 
by determining the runoff for each land use (e.g. in representative subcatchments) and then 136 
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combining them according to the proportion of the catchment occupied by those uses. This is 137 
the basis for lumped conceptual modelling of mixed land use catchments but also underpins 138 
hydrological response unit models, a more general application incorporating other parameters 139 
such as elevation and soil type (e.g. Kite, 1995, pp. 523-524; Leavesley and Stannard, 1995, 140 
p. 283; Beven, 2001, p. 183). However, as far as the authors are aware, there is little, if any, 141 
published field evidence to support this assumption (here called the proportional response 142 
hypothesis). This study’s nesting of a paired catchment experiment within a larger catchment 143 
provides an unusual opportunity to test the hypothesis (possibly for the first time), which is 144 
objective 4. 145 
 146 
3 Study Site 147 
 148 
The site lies on the edge of Wark Forest, a Forestry Commission plantation, and in the 149 
headwaters of the River Irthing on the western border of Northumberland (Figure 1). It is 150 
based on the Coalburn catchment (1.5 km2), which is the UK’s longest running catchment 151 
experiment, established in 1967 by the then Institute of Hydrology (now the Centre for 152 
Ecology and Hydrology) (Robinson, 1998; Birkinshaw et al., 2014). In 2003, as part of the 153 
Catchment Hydrology And Sustainable Management (CHASM) programme (2003-2007) 154 
Coalburn was paired with a neighbouring grassland catchment (The Flothers, 1.4 km2), both 155 
being nested within the 6.9-km2 Throssburn catchment which discharges to the Irthing. The 156 
Irthing itself is a tributary of the River Eden, which discharges to the Irish Sea below Carlisle. 157 
CHASM was a UK national programme intended to gain new understanding of how 158 
catchment response changes with spatial scale and to translate this new knowledge into 159 
enhanced predictive capability, based on multiscale field experiments (O’Connell et al., 160 
2007). During 2009-2012, monitoring of the sites continued as part of the ForeStClim project 161 
(Transnational Forestry Management Strategies in Response to Regional Climate Change 162 
Impacts) (http://www.forestclim.eu/), which had as its aim the development of regional 163 
forestry management and forest protection strategies in the face of expected climate change 164 
scenarios. 165 
 166 
According to the updated Köppen-Geiger classification of Peel et al. (2007), the site has the 167 
climate type Cfb, i.e. temperate, without a dry season and with a warm summer. Elevations at 168 
the site are around 300 m in a generally muted relief and soils are peaty. In the Coalburn 169 
catchment, blanket peat (0.3 m – 3 m thick) covers 75% of the catchment and peaty gleys the 170 
6 
 
remainder (Robinson et al., 1998). This is underlain by boulder clay deposits (up to 5 m 171 
thick), so the catchment is considered to be watertight. In the unforested areas the vegetation 172 
is peat bog and tussock grassland, used as rough grazing for sheep. The ground is saturated 173 
nearly all year, although the amount of standing water diminishes in drier periods. The 174 
natural drainage densities are approximately 3.3 km km-2 for Coalburn, 2.5 km km-2 for the 175 
Flothers and 2.33 km km-2 for the full Throssburn catchment, based on the blue-line stream 176 
network of the UK 1:50,000 Ordnance Survey map. Before Coalburn was planted (mostly 177 
with Sitka spruce) drainage ditches were cut every 4-5 m, initially around 0.8-0.9 m deep and 178 
0.5 m wide, giving a drainage density of 200 km km-2 (60 times greater than the original 179 
network) (Robinson et al., 1998). Subsequently these have partly filled with debris, moss, leaf 180 
litter and other vegetation, and are typically around 0.3 m deep, but the network still exists. 181 
The ditching pattern was not identically replicated in the other parts of the site forested at 182 
about the same time, where the standard pattern of a slightly more dense but rather less deep 183 
drainage network was established (Tom Nisbet, personal communication, 2015). More recent 184 
plantation (including in the mid 1990s) has not involved ditching. 185 
 186 
The Coalburn catchment (initially grassland, ditched in 1972 and planted in 1973) is 90% 187 
afforested, the rest being grassland and peat bog. In 2003, the Flothers was about 64% peat 188 
bog and tussock grassland, with the remainder (about 0.51 km2) recently afforested (in 1995) 189 
but without ditches. The vegetation cover is largely intact and there are only a very few 190 
eroded peat gullies. The total forested area of the Throssburn catchment at that time was 191 
about 4.4 km2 but 0.87 km2 (about 12.6% of the catchment) was felled between December 192 
2007 and mid 2009 and then restocked in 2011. During the study period the proportion of the 193 
Throssburn catchment covered by forest therefore varied from 64% in 2003 to 51% (not 194 
including the trees planted in 2011) in 2012 (Figure 1).  195 
 196 
The 2007-9 logging activity did not involve reinstatement of the dense ditch network but 197 
several arterial drainage ditches were cut, especially in the Throssburn headwater area, 198 
effectively extending the natural stream network. It will be shown that these arterial ditches 199 
had a significant impact on both annual and storm event runoff. 200 
 201 
In its early years, Coalburn’s drainage network increased both the annual runoff and the 202 
storm peak discharges compared with the pre-existing grassland condition (Robinson, 1998). 203 
Increased runoff persisted for almost two decades before the increased interception of the 204 
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growing forest reversed the trend, causing the runoff ratio to decrease over several decades. 205 
However, this effect seems to have been counterbalanced by a trend of increasing rainfall, so 206 
that absolute runoff remains the same (Birkinshaw et al., 2014). With the partial filling also 207 
of the drainage ditches, storm hydrographs have likewise become less flashy (Robinson, 208 
1998; Archer and Newson, 2002).   209 
 210 
4 Data Collection  211 
  212 
4.1 Rainfall 213 
 214 
Precipitation data were provided by a tipping bucket raingauge (TBR) at the outlet of the 215 
Coalburn catchment, operated by the Environment Agency (EA). These were corrected by an 216 
increase of 14.5% to be equivalent to storage gauge data, allowing also for topographic and 217 
wind effects, based on comparisons in Robinson et al. (1998) and Birkinshaw et al. (2014). It 218 
is recognized, though, that this is a long-term average correction which may not be correct at 219 
the instantaneous or rainfall event scale. This standardised Coalburn rainfall is assumed to be 220 
uniform across the whole of the Throssburn catchment (6.9 km2), although in reality 221 
variations of at least a few percent can be expected because of topographic effects and 222 
spatially nonuniform summer convectional rainfall. There may also be distortions and errors 223 
arising from severe snowy periods in December 2009-January 2010 and November-224 
December 2010. Snowmelt characteristics are not considered in this study. 225 
 226 
4.2 Discharge 227 
 228 
Discharge from the Coalburn catchment is measured by a compound, broad-crested weir with 229 
a low flow V-notch section (Robinson et al., 1998). The theoretical rating curve for the V-230 
notch weir shows excellent agreement with measurements. For the higher flows passing over 231 
the broad-crested weir, though, the rating curve used by the EA diverges from the check 232 
gaugings, giving an approximately 11% underestimate (Mark Robinson, unpublished report 233 
“Coalburn Research Catchment Hydrological Review 1967-2012”, personal communication, 234 
2015). In the following the Coalburn peak discharges may therefore be a little underestimated 235 
but the effect on the annual yields (which are determined predominantly by flows passing 236 
within the V-notch) is only about 1%. Discharge values at 15-minute intervals were supplied 237 
by the EA and were used as received, without modification. 238 
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 239 
The Flothers stream was monitored by a pressure transducer stage gauge above a natural but 240 
irregular section control, with recordings at 15-minute intervals. A rating curve was 241 
constructed from spot discharge gaugings made with a current meter and checked throughout 242 
the study period. However, the narrow and uneven channel (causing bank effects and 243 
nonuniform flow) introduced a potential (but unquantified) source of error in these gaugings. 244 
The full range of in-bank flows up to bankfull was well-represented by the rating curve but 245 
no overbank flows were gauged (maximum gauged discharge = 0.43 m3 s-1). The SHETRAN 246 
computer model applied to Coalburn by Birkinshaw et al. (2014) was therefore fitted to the 247 
in-bank Flothers data and the simulated peak discharge for the largest event in the record 248 
(2.06 m3 s-1 on 8 January 2005) was matched with the recorded stage, enabling the rating 249 
curve to be extended for overbank flows. A few relatively short periods of missing or 250 
uncertain data were infilled using correlations of discharges between the Flothers and 251 
Coalburn.  252 
 253 
The Throssburn was monitored exactly as the Flothers but using a float stage gauge. The full 254 
range of in-bank flows up to bankfull was well-represented by the rating curve but no 255 
overbank flows were gauged (maximum gauged discharge = 3.0 m3 s-1). The rating curve was 256 
therefore extrapolated using standard techniques (velocity-area and Manning formula (Shaw, 257 
1985; Herschy, 1999)), with the addition of discharges for flow through the tussock grass of 258 
the overbank area estimated using the Manning resistance equation. To allow for 259 
uncertainties in this addition, upper and lower bounds were specified by using Manning 260 
coefficients of 0.1 and 0.2. Because of a shift in the control datum, slightly different rating 261 
curves were applied before and after 2008. Hydrograph peaks for the largest events were 262 
recorded with flat tops above the same consistent stage (equivalent to about 5 m3 s-1), caused 263 
most probably by loss of stage sensitivity to discharge once extensive overbank flow 264 
developed. The affected peaks were therefore interpolated by curve-fitting. In most cases the 265 
associated error is likely to be low as most of the hydrographs were well-defined for the 266 
lower discharges and the periods of time involved were short. 267 
 268 
The Coalburn stage record is complete for 2003-12 but the other two records contain 269 
significant gaps that were too extensive to be infilled reliably. 270 
 271 
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Additional discharge data were obtained from the Environment Agency for a 0.175-km2 272 
catchment, Howan Burn, neighbouring Coalburn (Figure 1). This was in the area that was 273 
logged in 2008. Discharges were gauged by a rectangular flume. 274 
 275 
4.3 Groundwater levels 276 
 277 
 A partial water table record (15-minute measurements for December 2009-January 2013) 278 
was obtained with a pressure transducer gauge about 200 m upstream from the Flothers 279 
stream gauge and about 3 m from the stream itself, in an area of permanently wet ground. 280 
The gauge was suspended, in a tube, about 0.7 m below the level of hard ground, which was 281 
determined by prodding with a ruler. However, there was a substantial cover of soft 282 
vegetation, such as moss and grass, which might act as a rather porous extension of the 283 
ground surface. 284 
 285 
5 Results 286 
 287 
5.1 Annual runoff 288 
 289 
The data are analysed according to the UK Water Year (1 October-30 September). In all the 290 
catchments the runoff increases linearly with rainfall for the given data range (Figure 2). For 291 
a given rainfall the grassland Flothers catchment has the highest runoff, the forested Coalburn 292 
catchment has the lowest and the Throssburn catchment (2003-7) lies in between. (To avoid 293 
an over-cluttered diagram the Throssburn data are shown for only the lower discharge bound, 294 
defined in Section 4.2.) The Flothers (64% grassland) aligns closely with the Coalburn in its 295 
pre-ditched 100% grassland state (for which the data are for the calendar years 1967-71, 296 
provided by Mark Robinson, personal communication). Figure 2 also shows the overall 297 
increase in annual rainfall from 1967-71 to 2003-12. 298 
 299 
Throughout the paper the Throssburn data are analysed separately for 2003-7 and 2009-12 to 300 
allow for the effects of the 2007-09 logging activities. For the pre-logging period the 301 
Throssburn response (integrating forest and grass) lies between the forest and grassland 302 
catchment responses (Figures 2 and 3). For the post-logging period the Throssburn runoff 303 
initially exceeds that for the grassland catchment but returns towards the grassland runoff as 304 
the years pass. As the proportion of catchment logged (12.6%) is below the 20% threshold 305 
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identified by Bosch and Hewlett (1982) and Stednick (1996) for causing observable change 306 
in the annual runoff, the enhancement is probably not due to reduced evapotranspiration (the 307 
effect of which also would not decline so quickly). However, it is consistent with the 308 
drainage (i.e. dewatering) of the headwater soils by the new arterial ditches. A similar 309 
temporary increase in annual runoff was noted by Robinson (1998) and Robinson et al. 310 
(1998) following the initial ditching of the Coalburn catchment. 311 
   312 
For their seven years of simultaneous data, the average runoff ratio is 0.634 for the largely 313 
grassland Flothers catchment and 0.545 for the forested Coalburn catchment, a difference of 314 
16% relative to the forested catchment (Table 1). For Throssburn the average runoff ratio is 315 
0.592-0.604 before 2008, and 0.641-0.659 after. 316 
 317 
Double mass curve analysis based on cumulative monthly runoff shows a constant 318 
relationship between the Flothers and Coalburn for the entire period, with minor seasonal 319 
perturbations. For Throssburn the rate of change of cumulative runoff relative to Coalburn 320 
shows a slight increase after the 2007-9 logging. The graphs are unremarkable and are 321 
therefore not shown here. 322 
 323 
5.2 Flow duration curves 324 
 325 
Flow duration curves for daily runoff (Figure 4) and selected statistics (Table 2) show that the 326 
higher runoff of the Flothers relative to Coalburn occurs at low to moderate flows but that the 327 
Coalburn runoff exceeds the Flothers runoff at the smallest time exceedances (less than about 328 
7%). The post-logging increase in runoff for the Throssburn is also evident (shown only for 329 
the lower rating curve bound). The curves are based on three years of data for the Throssburn 330 
pre-logging and for the Throssburn post-logging and six years for Coalburn and the Flothers. 331 
 332 
5.3 Seasonal variations  333 
 334 
Figure 5a shows the mean monthly precipitation for the six years 2003-4, 2005-7 and 2009-335 
12 to be roughly uniform (between 140 and 180 mm) for summer, autumn and winter but 336 
noticeably lower (below 120 mm) in spring. Runoff is correspondingly high in late autumn 337 
and winter, with runoff/rainfall ratios of 0.7 to 0.8 or more (Figure 5b). Runoff is at its lowest 338 
in spring and runoff ratios lie at 0.3-0.5 for spring and summer. The responses for Coalburn 339 
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and Throssburn are largely synchronized but there is a striking desynchronized response for 340 
the Flothers with relatively high runoff and runoff ratios in late winter and spring. This is 341 
more evident in some years than others, with 2003-4 and 2006-7 showing the greatest effect 342 
(Figures 5c and 5d). For these years in particular, the Flothers runoff is relatively low in the 343 
autumn to early winter but is then relatively high in the late winter and spring, reaching 344 
runoff ratios of unity.  345 
 346 
Over the period of record, the average quarterly rainfall is relatively similar for three of the 347 
quarters (Oct-Dec 465 mm, Jan-Mar 430 mm and Jul-Sep 457 mm) but is significantly lower 348 
in Apr-Jun (319 mm) (Figure 6). Only in the wet year of 2012 did this quarter show rainfalls 349 
comparable with those of the other quarters. Runoff/rainfall ratios are highest in Jan-Mar 350 
(average values of 0.726-0.793) and lowest in either Apr-Jun or Jul-Sep (0.323-0.535), 351 
reflecting the greater evapotranspiration of the latter months.  352 
 353 
5.4 Flood frequency curve (frequency pairing) 354 
 355 
Forty independent flood events were identified from the period of simultaneous record in the 356 
three catchments, corresponding to a threshold discharge of 0.275 m3 s-1 (0.183 m3 s-1 km-2) 357 
for the Coalburn catchment. (The main criterion for determining independency was a 358 
separation of 6 days between events.) This number was chosen to be large enough to allow 359 
statistically significant analyses of the flood characteristics. Figure 7 compares the flood 360 
frequency curves for the instantaneous (15-minute) runoff peaks (in units of mm day-1), 361 
where return period is calculated as (n+1)/m (where n = number of years in the record (6.833) 362 
and m = the ranked order of the event). The figure shows that a given peak occurs more 363 
frequently (lower return period) in the forested catchment (Coalburn) than in the grassland 364 
catchment (Flothers), which is the opposite of conventional expectation. For the smaller 365 
events, the Throssburn peaks lie between the Flothers and Coalburn peaks. The apparent 366 
tendency for the Flothers and Coalburn data series to converge for the larger events and for 367 
Throssburn data series to achieve larger return periods than the two smaller catchments 368 
should be treated with caution, given the uncertainties in determining the largest peak 369 
runoffs. It is also acknowledged that the calculated return periods are only approximate 370 
estimates, given the short period of record. Similarly, the fitted lines (semilogarithmic) are 371 
only rough approximations to the evidently irregular data series.  372 
 373 
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5.5 Flood peak comparisons (chronological pairing) 374 
 375 
Figure 8 is a chronological pairing of the Coalburn and Flothers instantaneous (15-minute) 376 
runoff peaks (in units of mm day-1) for each of the forty events, showing a strong contrast 377 
between the wetter and drier parts of the year. For December-April, the two catchments 378 
exhibit a similar response. For a given event the forested catchment has a slightly higher peak 379 
discharge than does the grassland catchment and, if anything, the forested peaks are slightly 380 
underestimated (Section 4.2). Nevertheless, given that there is some uncertainty in the 381 
overbank rating curve for the Flothers, the difference should be treated with caution. For 382 
May-November, though, the forested catchment peaks are significantly higher than the 383 
corresponding grassland catchment peaks, while one point suggests convergence of response 384 
for the biggest event. The two cases where the Flothers peak exceeds the Coalburn peak are 385 
in the summer (13/06/07 and 7/7/07), when it was likely that the rainfall was convective and 386 
spatially non-uniform, meaning that the two catchments received dissimilar inputs. 387 
 388 
The equivalent plot for the Coalburn and Throssburn instantaneous peaks (Figure 9) suggests 389 
that, within the uncertainty range for the overbank rating curve, there is an approximate 390 
similarity in response. It is unclear if the tendency for the Coalburn peaks to exceed the 391 
Throssburn peaks at the higher events is a true effect or the result of either an insufficient 392 
correction for the flat-topped hydrographs for Throssburn or of poor extrapolation of the 393 
rating curves. However, there is a clear distinction between the 2003-7 and 2009-12 data, 394 
with the peaks for the latter period generally higher than those for the earlier period. Again 395 
this is consistent with the cutting of arterial drainage channels in the Throssburn headwater 396 
area in 2008-9, allowing a flashier response. 397 
 398 
5.6 Hydrographs 399 
 400 
Figure 10 compares runoff hydrographs for all the catchments, including Howan Burn, for 401 
one of the forty events, from the pre-logging period. From this event (and others not shown 402 
here), certain patterns are apparent. Typically the Howan Burn has the highest and earliest 403 
peak. This is consistent with, but not necessarily fully explained by, the observation that 404 
runoff peak characteristically decreases as catchment area increases (e.g. Wilkinson and 405 
Bathurst, in press). The Coalburn and Throssburn responses are somewhat similar and there 406 
are instances of each having a higher peak than the other. Mostly the Coalburn peaks a little 407 
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earlier or at the same time as the Throssburn. In almost all cases the Flothers has a lower peak 408 
than the other catchments (in line with the pattern in Figure 8) and mostly, although not 409 
always, peaks later than Coalburn. 410 
 411 
Figure 11 explores the differences between the Coalburn and Flothers hydrographs for an 412 
event from the period of availability of the groundwater record upstream from the Flothers 413 
outlet. (The fluctuations evident in the Flothers discharge record are due to the direct 414 
exposure of the stage recorder to the characteristically turbulent flow, especially at high 415 
flows.) Typically the Flothers peak is flatter than the Coalburn peak. This pattern is observed 416 
at different discharges according to the event magnitude, for the full range of observed events 417 
(e.g. compare Figures 10 and 11), alleviating concerns that it might not be a true effect but, 418 
for example, the result of the stage becoming less sensitive to discharge at the onset of 419 
overbank flow (around 0.4 m3 s-1 or 25 mm day-1). In Figure 11 the scale for the groundwater 420 
response has been adjusted to emphasize the close correspondence of the response with the 421 
Flothers runoff and the solid horizontal line indicates the approximate level of the hard 422 
ground surface on the groundwater level scale. However, given the cover of moss and grass, 423 
some care must be taken in interpreting higher groundwater levels as pure overland flow or 424 
ponding.  425 
 426 
6 Proportional Response 427 
 428 
6.1 Annual scale 429 
 430 
As defined here, the proportional response hypothesis states that the total or integrated 431 
catchment response can be obtained by combining the responses of the separate land 432 
use/cover types according to the proportion of the catchment occupied by those types. Thus 433 
for a catchment with forest and grassland covers, the catchment runoff ratio (RRCAT) is given 434 
by: 435 
 436 
  RRCAT = (RRF x PAREAF) + (RRG x PAREAG )    (1) 437 
 438 
where RR = runoff ratio, PAREA = proportion of the catchment occupied by a land cover (as 439 
a fraction) and the subscripts F and G refer to forest cover and grassland cover respectively. 440 
The individual PAREA values sum to unity. As both the gauged subcatchments contain both 441 
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land covers, the hypothesis is assumed to apply for each subcatchment and is then tested for 442 
the containing Throssburn catchment.     443 
 444 
For the three years of simultaneous data for the three catchments before 2008, Equation (1) 445 
can be written for each subcatchment as 446 
 447 
  RRCB = 0.541 = (RRF x 0.9) + (RRG x 0.1)     (2) 448 
 449 
  RRFL = 0.642 = (RRF x 0.36) + (RRG x 0.64)     (3) 450 
 451 
where RRCB and RRFL are the runoff ratios for Coalburn and the Flothers respectively. 452 
Simultaneous solution yields RRF = 0.522 and RRG = 0.713. Application of these values for 453 
the Throssburn catchment gives 454 
 455 
  RRTB = (0.522 x 0.64) + (0.713 x 0.36) = 0.591    (4) 456 
 457 
where RRTB is the Throssburn runoff ratio. This value compares well with the measured 458 
values of 0.596-0.608, giving confidence in the hypothesis of proportional response.  459 
 460 
Repeating the calculation for the post-logging period of 2009-12 (in which the fractional 461 
proportion of the Throssburn catchment that was forested was reduced to 0.51) and assuming 462 
that the logged area of the Throssburn could be equated with grass, gave RRF = 0.525, RRG = 463 
0.686 and a Throssburn runoff ratio of 0.604. This latter ratio is exceeded by the measured 464 
range of 0.641-0.659, presumably because the runoff ratios derived from the Coalburn and 465 
Flothers data do not represent the temporary drainage from the newly cut arterial channels in 466 
the Throssburn headwater area. In other words, application of the hypothesis requires that the 467 
responses for the different land covers across the catchment be fully represented by the 468 
experimental values determined for the selected subcatchments or response units. 469 
 470 
The calculation was repeated for each of the individual years of simultaneous data for the 471 
three catchments (Table 3). For the three such years before 2008, the results show variable 472 
but generally reasonable agreement between the observed and calculated Throssburn runoff 473 
coefficients. For 2009-12 the runoff ratio is shown to be underestimated but the discrepancy 474 
decreases through time as the effects of the temporary drainage diminish.  475 
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 476 
For each of the seven years of simultaneous Coalburn and Flothers data, the annual runoff for 477 
a 100% grassland catchment was calculated by the above method, plotted against the rainfall 478 
and compared with the measured data for the 100% grassland Coalburn catchment of 1967-479 
71 before plantation (Figure 12). The excellent agreement between the two further supports 480 
the proportional response hypothesis for this catchment at the annual scale.  481 
 482 
For the same seven years, the average runoff for a 100% forest catchment (RRF = 0.528) is 483 
reduced by 24% relative to a 100% grassland catchment (RRG = 0.695).  484 
 485 
6.2 Event scale 486 
 487 
At the event scale, the validity of the proportional response hypothesis is less clear. It cannot 488 
be assumed for the peak discharge as this depends on the time it takes for the response from 489 
different parts of the catchment to reach the outlet as well as on the response itself. The 490 
hypothesis might reasonably be proposed for the total event runoff. I.e. the total runoff is 491 
equal to the runoffs from the different response units of the catchment combined in 492 
proportion to their occurrence. However, a test using the 2003-07 flood events identified in 493 
Section 5.4 found that the resulting runoff volumes underestimated the observed values by 494 
around 20%. Again this could be because the Flothers and Coalburn subcatchments may not 495 
fully represent all the features of the Throssburn catchment, such as variations in ditch 496 
hydraulics and natural drainage densities, which may affect event response (but which are 497 
less significant for annual runoff).  498 
 499 
7 Discussion 500 
 501 
The above results support an interpretation of land use impact across a range of temporal and 502 
spatial scales, which addresses the objectives raised at the start of the paper. 503 
 504 
Objective 1. The annual scale is characterized by the conventional response whereby forest 505 
cover reduces runoff relative to grassland as a result of increased evepotranspiration, 506 
apparently unaffected by the ditching. The reduction of 24% in runoff, relative to a grassland 507 
catchment, is higher than for Plynlimon (19%). Given the potential for some uncertainty in 508 
the Flothers discharge record, it is not clear if the 5% difference is significant. In general, the 509 
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figures suggest an approximate uniformity in UK upland conditions. Nevertheless, the 510 
possibility of an inverse dependency of the runoff reduction on rainfall cannot be discounted. 511 
The annual rainfall is considerably lower at Coalburn (1672 mm, Table 1) than at Plynlimon 512 
(2555-2600 mm, Marc and Robinson (2007)) and, consistently with this, the Glendhu paired 513 
catchments in New Zealand (comparable to the UK catchments in vegetation and general 514 
environment) show a 50% reduction in runoff ratio for an annual rainfall of 1330 mm (Fahey 515 
and Payne. 2017). Figure 4 and Table 2 show that the higher grassland runoff occurs at the 516 
low to moderate flows but that runoff peaks are higher in the forested catchment. This latter 517 
difference defies conventional expectation and is thought to be the continuing effect of the 518 
forest drainage ditches in flood routing. (It is unknown if there are any soil differences 519 
between the catchments which might also have an effect, especially on the low flows.) 520 
Figures 3 and 4 further emphasize the annual impact of drainage, showing how the arterial 521 
channels cut in the Throssburn headwaters in 2008-9 temporarily raised annual runoff by 522 
draining the groundwater.  523 
 524 
Objective 2. The conventional expectation for the event scale is that, if anything, the forested 525 
catchment should exhibit a larger soil moisture deficit and, in chronological pairing, should 526 
therefore generate a lower peak discharge than the equivalent grassland catchment for a given 527 
rainfall event (e.g. Bathurst et al., 2011a; Fahey and Payne, 2017; Stratford et al., 2017). 528 
However, the opposite is true of the focus area (Figure 8). The results here suggest that, more 529 
than 30 years after they were cut and despite their partial filling, the ditches retained a 530 
powerful ability to counter the effect of the expected soil moisture difference (itself enhanced 531 
by the drainage effect of the ditches) by routing runoff to the outlet faster than in the 532 
grassland catchment. (Observation by the first author confirms that flow does occur in some, 533 
but by no means all, ditches during storm events.) This ability may also be enhanced by the 534 
higher natural drainage density of Coalburn (3.3 km km-2) compared with the Flothers (2.5 535 
km km-2).  Further evidence of the impact of ditching in raising flood peaks is provided by 536 
the comparison of the Throssburn response before and after channel cutting in its headwaters 537 
(Figure 9). This is not to suggest, though, that the grassland has a slow response. On the 538 
contrary, Figure 11 shows that the near-surface groundwater (in the acrotelm) responds 539 
rapidly to rainfall, allowing the development of saturation-excess overland flow and 540 
generating a correspondingly rapid increase in runoff, in line with the observations for 541 
blanket peat catchments elsewhere in northern England (Holden and Burt (2002, 2003a, 542 
2003b). The initial response of the Flothers can therefore be almost as rapid as that of 543 
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Coalburn. Nevertheless, the storage of water in the acrotelm and on the surface (as a result of 544 
the greater flow resistance of the vegetation layer, the general absence of runoff channels in 545 
the grassland area and ponding) would appear to moderate the response in the Flothers 546 
compared with Coalburn. Apart from in two or three peat gullies (which generate small 547 
streams in wet weather), translation of water from the land surface into the channel system is 548 
impeded, tending to create flatter hydrograph peaks (Figures 10 and 11). This is especially 549 
true in the summer when the grass is higher and the groundwater levels are lower. The 550 
responses are closer in the winter (when the grass catchment is close to saturation, there is 551 
considerable standing water and the grass dies back) and appear to converge for extreme 552 
events (when soil moisture and flow resistance differences between the catchments are 553 
overwhelmed by the precipitation) (Figure 8). The chronological pairing results provide 554 
much-needed (because up to now relatively rare) field evidence to support the (largely 555 
model-based) research showing that land use can moderate flood peaks for low to moderate 556 
rainfall events but has less impact for major events. They advance over previous studies, 557 
though, by showing (possibly with the first ever field evidence) how the moderation is a 558 
function of soil moisture content even for low to moderate events. The flood frequency 559 
pairing (Figure 7) likewise shows that, for return periods of less than two years, a given 560 
runoff event occurs more frequently (with a lower return period) in the forested than in the 561 
grassland catchment. However, the data limitations prevent the hypothesis that the two land 562 
uses would maintain different flood frequency curves for the higher return periods from being 563 
tested.  564 
 565 
Objective 3. The event scale impact of ditching on peatland response is as presented above. 566 
At the seasonal level (Figure 6), the runoff ratio in winter (January-March) is relatively 567 
uniform (individual values of 0.676-0.871) from year to year in each catchment, despite 568 
variations in rainfall. The catchments are at their most saturated (so there is low infiltration 569 
loss) and evapotranspiration is at its lowest, so the factors acting to reduce effective rainfall 570 
are minimized and relatively constant.  571 
 572 
In the late winter and spring, Figure 5 indicates that monthly runoff ratios of unity can be 573 
achieved in the Flothers in some years. A possible mechanism is that the Flothers runoff is 574 
boosted by surface ponding and subsurface storage accumulated over the winter, so that the 575 
decline in runoff through late winter and into spring (the period with the lowest rainfall) is 576 
slower than the decline in rainfall, allowing high runoff ratios to occur. Groundwater data are 577 
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not available for the periods shown in Figures 5c and 5d. However, the data for 2010, 2011 578 
and 2012 do show significant drawdowns of 0.3-0.4 m in late winter and spring (Figure 13), 579 
sufficient (if replicated across the entire Flothers catchment) to support the enhanced Flothers 580 
runoff. In the forested catchments, the ditch networks (complemented by forest interception 581 
and transpiration) drain the peat (so it is less easy to build up a large groundwater reserve) 582 
and greatly reduce surface ponding while accelerating runoff. Further, it is possible that the 583 
original drainage led to an increase in soil bulk density and a consequent decrease in 584 
permeability and specific yield in the near surface zone, resulting in lower baseflows and a 585 
more flashy event response (e.g. Sherwood et al., 2013). These effects would tend to promote 586 
more rapid runoff and lower storage (surface and subsurface) in the wetter season, leaving 587 
less groundwater storage to maintain flows in the drier season. The hypothesis is supported 588 
by the preliminary results from a SHETRAN modelling study, which show an excellent 589 
ability to reproduce the contrasting patterns of the catchments (albeit with generally 590 
underestimated runoffs) by modelling the peat grassland catchment with a high soil 591 
permeability (20 m day-1, allowing a slow groundwater response) and the ditched forested 592 
catchment with a low permeability (0.1 m day-1, allowing a faster surface flow response with 593 
limited groundwater contribution) (Figure 14c). In further support, runoff ratios of unity 594 
could also be achieved in Coalburn in its pre-ditched state. Comparison of Coalburn in 1970-595 
71 (Figure 14a) and the Flothers in 2003-4 (Figure 14b) shows a close similarity of rainfall 596 
and runoff patterns. However, as seasonal rainfall apparently peaked in the autumn in the late 597 
1960s, compared with the winter in the early 2000s, the effect occurs a few months earlier in 598 
Figure 14a than in Figure 14b. Holden and Burt (2003a, their Figure 2) similarly show 599 
monthly runoff ratios of unity, in late autumn, winter and spring, for another Pennines 600 
catchment 41 km further south. (Their rainfall data came from a ground level gauge 601 
(http://www.ecn.ac.uk/measurements/terrestrial/m/ma) and thus avoid wind undercatch, so 602 
the runoff ratios are calculated consistently with those in this study.) The result suggests that 603 
the undisturbed peat in these catchments may provide an important runoff regulating 604 
function, which is destroyed by forest ditching. In other words the peat does retain some of 605 
the properties of a sponge at the seasonal scale, if not the event scale. 606 
    607 
The summer quarter (July-September) shows a wider range of variation (individual runoff 608 
ratios of 0.203-0.612) and a clear dependency of runoff ratio on rainfall. The ground is at its 609 
least saturated (in the acrotelm), although still with a high water content in the catotelm, and 610 
evapotranspiration is at its highest. A greater proportion of rainfall is therefore lost to 611 
19 
 
infiltration and evapotranspiration but, the greater the rainfall, the less this loss becomes 612 
relatively and therefore the higher is the runoff ratio.   613 
 614 
Objective 4. At the annual scale the hypothesis of proportional response applies well and can 615 
therefore be used to determine runoff for different combinations of forest and grassland. Few 616 
previous studies, if any, appear to have demonstrated this on the basis of field data. However, 617 
the subcatchments used in the calculations must be exactly representative of the land uses in 618 
the wider catchment in which they are nested. Thus, for the post-logging period, a third 619 
subcatchment to represent the temporary drainage from the arterial ditching in the Throssburn 620 
headwaters would be needed to enable the hypothesis to apply. A more practical restriction 621 
on the hypothesis may be a similarity of scale between the subcatchments and the wider 622 
catchment in which they are nested. It would at any rate be necessary to test how easily the 623 
response of a large catchment could be represented on the basis of responses measured for 624 
significantly smaller subcatchments.  625 
 626 
8 Conclusions 627 
 628 
The unusual combination of a nested and paired catchment experiment has supported an 629 
interpretation of land use impact across a range of temporal and spatial scales, addressing 630 
several of the continuing uncertainties in catchment response and highlighting the impacts of 631 
ditching and mature forest plantation in peat catchments. 632 
 633 
1) At the annual scale the study (only the second of its kind in the UK) complements the 634 
only other result for an upland UK catchment, showing a similar reduction in runoff 635 
(24% vs 19%) for a 100% forested catchment compared with a 100% grassland 636 
catchment.  637 
 638 
2) The event-scale chronological pairing provides much-needed field evidence to 639 
support the limited previous research (much of it model-based) in showing that land 640 
use can moderate flood peaks at low to moderate floods but that the responses tend to 641 
converge at extreme rain events. It provides possibly the first field evidence that the 642 
moderating effect is sensitive to soil moisture content and disappears if both 643 
catchments are saturated. The frequency pairing (which automatically incorporates 644 
soil moisture effects) shows a clear difference in flood frequency characteristics for 645 
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the higher frequency (smaller) floods but the data record is too short to provide 646 
reliable statistics on the lower frequency floods.  647 
 648 
3) The study supports the recent findings that peat grassland catchments in northern 649 
England exhibit a rapid subsurface response to rainfall in the acrotelm, allowing the 650 
rapid development of saturation excess overland flow. Even so, the runoff is impeded 651 
by storage in the groundwater, thick vegetation layer and surface ponding, while the 652 
ditching of the forest plantation appears to promote faster flood routing and a more 653 
flashy response. Against conventional expectation, the forested catchment therefore 654 
produces larger flood peaks than the grassland catchment for a given storm event (but 655 
within the constraints of the previous point). 656 
 657 
4) During the transition from the winter period to the spring period the surface and near-658 
surface storage properties of the peat grassland appear to maintain enhanced runoff 659 
ratios, potentially reaching 100%. In the ditched catchment, groundwater drainage and 660 
rapid surface runoff appear to minimize such seasonal storage effects, resulting in 661 
rather lower runoff ratios.  662 
 663 
5) The ditching is shown to have short term and long term impacts, continuing to exert a 664 
powerful influence on flood peaks and on seasonal response compared with the 665 
untouched peat grassland. The suggestion must be that peatlands, despite their rapid 666 
response, still provide a valuable hydrological service in moderating flood peaks and 667 
evening out winter and spring seasonal yields, which is destroyed by ditching. This 668 
partially rehabilitates the previously discredited sponge hypothesis. 669 
 670 
6) The hypothesis of proportional response is widely assumed but apparently little 671 
demonstrated with field data. The combination of nested and paired catchments has 672 
provided a rare opportunity for such a test, which supports the hypothesis at the 673 
annual although not the event scale.  674 
 675 
As a general conclusion the study shows the continuing importance of field studies for 676 
identifying and quantifying processes of catchment response and assembling the field-based 677 
evidence for testing the assumptions underpinning model design and for addressing the 678 
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uncertainties and controversies that continue to frustrate our understanding of catchment 679 
behaviour. 680 
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Table 1. Annual (water year) runoff and runoff/rainfall ratio data for the three catchments. 812 
 813 
Water 
Yeara 
Standardised 
Coalburn 
Rainfallb 
Coalburn Flothers Throssburn 
(upper bound) 
Throssburn 
(lower bound) 
Runoff 
 
Runoff/ 
rainfall 
Runoff 
 
Runoff/ 
rainfall 
Runoff 
 
Runoff/ 
rainfall 
Runoff 
 
Runoff/ 
rainfall 
(mm) (mm)  (mm)  (mm)  (mm)  
2003-04 1626 842 0.518 976 0.600 931 0.573 910 0.560 
2004-05 1518 815 0.537 - - 897 0.591 881 0.580 
2005-06 1421 798 0.562 954 0.671 878 0.618 857 0.603 
2006-07 1835 999 0.544 1212 0.660 1161 0.633 1147 0.625 
2007-08 1774 1013 0.571 1096 0.618 -  - - - 
2008-09 1589 856 0.539 - - -  - - - 
2009-10 1424 743 0.522 836 0.587 913 0.641 887 0.623 
2010-11 1819 1027 0.565 1196 0.658 1251 0.688 1211 0.666 
2011-12 2038 1091 0.535 1305 0.640 1319 0.647 1290 0.633 
Average 1672 909 0.544 1082 0.634 1050 0.627 1026 0.613 
a1 October-30 September; bCoalburn TBR measurement + 14.5% 814 
  815 
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Table 2. Statistics from the flow duration curve for daily runoff 816 
 817 
Percent time flow 
exceeded 
Throssburn runoff 
(upper rating curve) 
Throssburn runoff 
(lower rating curve) 
Coalburn runoff Flothers runoff 
Pre-logging Post-logging Pre-logging Post-logging 
(%) (mm day-1) (mm day-1) (mm day-1) (mm day-1) (mm day-1) (mm day-1) 
5 11.86 14.43 11.86 13.99 11.45 10.63 
10 7.98 8.44 7.97 8.33 6.76 7.01 
50 0.798 0.989 0.798 0.989 0.811 1.69 
90 0.094 0.172 0.094 0.172 0.058 0.190 
95 0.057 0.124 0.057 0.126 0.056 0.116 
 818 
  819 
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Table 3. Throssburn runoff/rainfall ratios calculated using the proportional response hypothesis 820 
 821 
Water 
Yeara 
Observed Runoff/rainfall Ratio Calculated Runoff/rainfall Ratio Throssburn 
Coalburn Flothers 100% forest 100% 
grassland 
Observed 
Runoff/rainfall Ratio 
Calculated Runoff/rainfall 
Ratio 
2003-04 0.518 0.600 0.503 0.665 0.560-0.573 0.558 
2005-06 0.562 0.671 0.542 0.744 0.603-0.618 0.615 
2006-07 0.544 0.660 0.523 0.737 0.625-0.633 0.600 
Average 0.541 0.644 0.522 0.713 0.596-0.608 0.591 
       
2009-10 0.522 0.587 0.510 0.630 0.623-0.641 0.569 
2010-11 0.565 0.658 0.548 0.720 0.666-0.688 0.632 
2011-12 0.535 0.640 0.516 0.710 0.633-0.647 0.611 
Average 0.541 0.628 0.525 0.686 0.641-0.659 0.604 
a1 October-30 September 822 
 823 
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Figure Captions 
 
Figure 1. Location map and map of the study site. Arrows indicate catchment outlets of: CB - 
Coalburn; HB – Howan Burn; TB – Throssburn; FL - Flothers. Based on digital map from 
Ordnance Survey © Crown Copyright and Database Right 2014. An Ordnance 
Survey/EDINA supplied service.  
 
Figure 2. Relationship between annual runoff and annual rainfall. CB - Coalburn; FL - 
Flothers; TB – Throssburn (lower bound). 
 
Figure 3. Variation in (a) annual runoff and (b) annual runoff/rainfall ratio, showing also the 
availability of complete years of record. CB - Coalburn; FL - Flothers; TB – Throssburn; P - 
precipitation. 
 
Figure 4. Flow duration curves for daily runoff. CB - Coalburn; FL - Flothers; TB – 
Throssburn. 
 
Figure 5. Monthly variation in: (a) mean runoff and precipitation for 6 years (2003-4, 2005-7, 
2009-12); (b) mean runoff/rainfall ratio and precipitation for 6 years; (c) mean runoff and 
precipitation for 2003-4; (d) mean runoff and precipitation for 2006-7. CB - Coalburn; FL - 
Flothers; TB – Throssburn; P - precipitation. 
 
Figure 6. Variation in runoff/rainfall ratio for each quarter of the water year. CB - Coalburn; 
FL - Flothers; TB – Throssburn; P - precipitation. 
 
Figure 7. Flood frequency curves for the instantaneous (15-minute) runoff peaks (in units of 
mm day-1). The solid lines are fitted to the Coalburn and Flothers data series; the dashed lines 
are fitted to the Throssburn upper and lower data series. CB - Coalburn; FL - Flothers; TB – 
Throssburn. 
 
Figure 8. Comparison of instantaneous (15-minute) runoff peaks (in units of mm day-1) for 
the Flothers and Coalburn for (a) December-April and (b) May-November. Solid line is line 
of equality. Dashed lines are fitted polynomials which emphasize convergence of response at 
the largest events. 
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Figure 9. Comparison of instantaneous (15-minute) runoff peaks (in units of mm day-1) for 
the Throssburn and Coalburn for (a) upper Throssburn bound and (b) lower Throssburn 
bound. Solid line is line of equality. 
  
Figure 10. Runoff comparison for an example event. HB – Howan Burn; CB - Coalburn; FL - 
Flothers; TB – Throssburn; P - precipitation. 
 
Figure 11. Comparison of Coalburn (CB) and Flothers (FL) runoff and Flothers groundwater 
(G/W) response for an example event. Solid horizontal line represents approximate ground 
surface on the groundwater level scale (at 70 cm). 
 
Figure 12. Relationship between annual runoff and annual rainfall, comparing Coalburn (CB) 
in its initial grassland state (calendar years) with a 100% grassland catchment calculated 
using the proportional response hypothesis (water years). 
 
Figure 13. Measured groundwater levels in the Flothers catchment for 2010, 2011 and 2012. 
Arrows indicate drawdowns in late winter and spring. There are two periods of missing data. 
 
Figure 14. Monthly variation in mean runoff and precipitation for: (a) Coalburn observed 
1970-71 pre-ditching; (b) Flothers observed 2003-4; (c) 2003-4 modelled with SHETRAN. 
Note the different month ranges. 
 
 
 
30 
 
 
 
 
 
 
Figure 1. Location map and map of the study site. Arrows indicate catchment outlets of: CB - 
Coalburn; HB – Howan Burn; TB – Throssburn; FL - Flothers. Based on digital map from 
Ordnance Survey © Crown Copyright and Database Right 2014. An Ordnance 
Survey/EDINA supplied service. 
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Figure 2. Relationship between annual runoff and annual rainfall. CB - Coalburn; FL - 
Flothers; TB – Throssburn (lower bound). 
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Figure 3. Variation in (a) annual runoff and (b) annual runoff/rainfall ratio, showing also the 
availability of complete years of record. CB - Coalburn; FL - Flothers; TB – Throssburn; P - 
precipitation. 
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Figure 4. Flow duration curves for daily runoff. CB - Coalburn; FL - Flothers; TB – 
Throssburn. 
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Figure 5. Monthly variation in: (a) mean runoff and precipitation for 6 years (2003-4, 2005-7; 2009-12); (b) mean runoff/rainfall ratio and 
precipitation for 6 years; (c) mean runoff and precipitation for 2003-4; (d) mean runoff and precipitation for 2006-7. CB - Coalburn; FL - 
Flothers; TB – Throssburn; P - precipitation. 
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Figure 6. Variation in runoff/rainfall ratio for each quarter of the water year. CB - Coalburn; FL - Flothers; TB – Throssburn; P - precipitation. 
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Figure 7. Flood frequency curves for the instantaneous (15-minute) runoff peaks (in units of 
mm day-1). The solid lines are fitted to the Coalburn and Flothers data series; the dashed lines 
are fitted to the Throssburn upper and lower data series. CB - Coalburn; FL - Flothers; TB – 
Throssburn. 
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Figure 8. Comparison of instantaneous (15-minute) runoff peaks (in units of mm day-1) for 
the Flothers and Coalburn for (a) December-April and (b) May-November. Solid line is line 
of equality. Dashed lines are fitted polynomials which emphasize convergence of response at 
the largest events.   
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Figure 9. Comparison of instantaneous (15-minute) runoff peaks (in units of mm day-1) for 
the Throssburn and Coalburn for (a) upper Throssburn bound and (b) lower Throssburn 
bound. Solid line is line of equality.  
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Figure 10. Runoff comparison for an example event. HB – Howan Burn; CB - Coalburn; FL - 
Flothers; TB – Throssburn; P - precipitation. 
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Figure 11. Comparison of Coalburn (CB) and Flothers (FL) runoff and Flothers groundwater 
(G/W) response for an example event. Solid horizontal line represents approximate ground 
surface on the groundwater level scale (at 70 cm). 
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Figure 12. Relationship between annual runoff and annual rainfall, comparing Coalburn (CB) 
in its initial grassland state (calendar years) with a 100% grassland catchment calculated 
using the proportional response hypothesis (water years).  
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Figure 13. Measured groundwater levels in the Flothers catchment for 2010, 2011 and 2012. 
Arrows indicate drawdowns in late winter and spring. There are two periods of missing data.  
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Figure 14. Monthly variation in mean runoff and precipitation for: (a) Coalburn observed 1970-71 pre-ditching; (b) Flothers observed 2003-4; 
(c) 2003-4 modelled with SHETRAN. Note the different month ranges.  
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